The magnetic modulation of the surface plasmon-polariton (SPP) wavevector is experimentally and theoretically studied for the plasmonic modes excited in metal-insulator-metal (MIM) magnetoplasmonic cavities. For this purpose, Ag/SiO 2 /Ag multilayers with different SiO 2 layer thickness in which a thin Co layer is positioned near the top Ag/SiO 2 interface, near the bottom SiO 2 /Ag one, or near both of them, are studied. The magnetoplasmonic MIM cavities present symmetric (SM) and antisymmetric (AM) plasmonic modes, of different wavevector and electromagnetic field profiles inside the MIM cavity. We show that the magnetic SPP wavevector modulation strongly depends on which mode is considered, the cavity thickness, and the number and specific location of Co layers within the structure. With only one ferromagnetic layer, a net modulation is obtained, of higher magnitude as we reduce the SiO 2 layer thickness. The introduction of a second Co layer in the structure reduces the modulation due to the non-reciprocal character of SPP modes under an applied magnetic field. Moreover, we demonstrate that the non-reciprocal nature of the SPP modulation can be experimentally visualized in the magnetic hysteresis loops under plasmon excitation conditions by using two Co layers with different magnetization switching fields. Krenn, "Dielectric stripes on gold as surface plasmon waveguides," Appl. Phys. Lett. 88(9), 094104 (2006). 7. J.-C. Weeber, Y. Lacroute, and A. Dereux, "Optical near-field distributions of surface plasmon waveguide modes," Phys.
Introduction
Optical cavities are powerful tools to control the interaction of light with matter and have been employed in a wide range of fields from quantum optical devices [1] to ultrasensitive optical sensors [2] . These applications rely on the effective confinement of light in a small cavity mode volume. While most of cavity designs so far are based on dielectric material assemblies, the confinement of light using metallic nanostructures has recently become a topic of great interest. In contrast to dielectric cavities, metallic plasmonic ones can overcome the diffraction-limited size and in principle support a subwavelength volume mode [3] . In these structures, the optical fields are dominated by the excitation of surface plasmon polaritons (SPPs), which are electromagnetic waves coupled to oscillations of the electron plasma located on a metal-dielectric interface [4] and that are currently offering new routes to nanophotonics [5] [6] [7] [8] . Moreover, the locally enhanced field intensities observed in plasmonic structures [9] offer promising potential for molecular biosensing [10, 11] , surface enhanced Raman spectroscopy [12, 13] , and nonlinear optical device applications [14] .
The strong confinement of light is particularly interesting for SPPs guided in a nanosized dielectric gap between two metals [15] [16] [17] . Such a metal-insulator-metal (MIM) geometry serves as a plasmonic slot waveguide, "squeezing" the SPP field into the dielectric core [18] . As a result, the wavelength along the direction of propagation is shortened significantly. MIM-SPPs can therefore be guided in waveguides with very small transverse dimensions [19] and allow the realization of nanocavities with extremely small mode volumes [20, 21] . In comparison to other SPP guiding geometries, the cost of extra losses that are linked to the increase in confinement is relatively low [15, 16, 22] .
On the other hand, a paramount issue for the future of plasmonics is the development of active elements, i.e., systems whose plasmonic properties can be modified by an external agent. For this purpose, and in addition to the use of quantum dots [23] , thermo-optic [24] or electro-optic [25, 26] materials, an innovative approach is the incorporation of a ferromagnetic material into the plasmonic structure, thus creating a magnetoplasmonic system. These magnetoplasmonic structures open interesting possibilities for the elaboration of active devices in plasmonics, and in fact a great deal of intertwined plasmonic and magnetooptical (MO) phenomena have been studied in Au/Co/Au [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , Ag/Co/Ag [37, 38] and Au/Fe/Au [39, 40] heterostructures. In addition to the enhancement of the magneto-optical activity of these systems upon the excitation of plasmon resonances, a sizeable modulation of the SPP wavevector (k SPP ) has been found when an external magnetic field is applied perpendicular to the SPP propagation direction and parallel to the interface due to the MO response of the ferromagnetic layer [29, 31, 36] . This magnetic modulation depends on the thickness of the ferromagnetic layer and increases with the quality of the interfaces [39] or with the addition of an insulator layer [34] . Moreover, a very interesting property of the effect of the magnetic field on the SPP wavevector is the presence of non-reciprocity, i.e., the wavevector of a forward propagating SPP is different from that of a backward propagating one in the presence of a magnetic field [41] . Due to this, non reciprocity is for example of great interest for the development of integrated isolators [41] [42] [43] .
In this work we present a step forward in the investigations on the effect of a magnetic field on SPPs by the incorporation of an insulator layer into the Noble Metal/ Ferromagnetic Metal/ Noble Metal heterostructure, forming magnetoplasmonic MIM (MP-MIM) systems. Thanks to the mentioned benefits of their improved confinement properties, these systems open new routes for the realization of integrated magnetic SPP modulators. In particular, here we experimentally analyze the magnetic field modulation of the wavevector for SPP MP-MIM modes of (Ag/SiO 2 /Ag)-Co multilayered structures grown on SF10 glass substrates. The understanding and discussion of the obtained results is carried out with the help of numerical simulations based on a transfer matrix formalism with magneto-optical activity incorporated. The manuscript is organized as follows. In section 2 we will first analyze theoretically the phenomenology associated with MP-MIM structures. Section 3 describes the fabricated structures as well as their structural and magnetic characterization. Section 4 will deal with the magnetic modulation of the SPP wavevector of the different MP-MIM modes excited in the fabricated structures using Attenuated Total Reflection (ATR) configuration together with the discussion of the influence of non-reciprocity effects. Finally, section 5 summarizes the main conclusions.
Phenomenology of magnetoplasmonic MIM structures
Metal-Insulator-Metal (MIM) structures behave as waveguides which sustain both optical and SPP modes [16, 18] . When the two metal layers are far enough each metal/dielectric interface supports a SPP mode [see the inset of Fig. 1(a) ], but when both interfaces approach they become electromagnetically coupled and a more complex behavior appears. This is better seen in Fig. 1(a) , where we present the evolution of the effective index of the waveguide modes for a Ag/SiO 2 /Ag structure as a function of the SiO 2 layer thickness (w 0 ) for a frequency of 1.985 eV (HeNe laser). The effective index, n eff , is defined as the ratio of a mode wavevector, k, to the wavevector of light in vacuum, k 0 : n eff = k/k 0 . The modes' wavevectors have been calculated by using a transfer matrix formalism coupled to a numerical solver for guided modes. The dielectric constant used for Ag has been taken from Ref [38] and the SiO 2 layer is modeled by n = 1.464; both values correspond to experimentally determined values of the deposited layers. As SPPs are transversal magnetic (TM) modes, only these ones are shown.
As shown in Fig. 1(a) , for w 0 higher that 850 nm the structure supports several optical modes, that is, modes below the SiO 2 light line, n = 1.464, plotted by a blue dot-dashed line, which are denoted as TM n with n>2. It also presents two uncoupled SPPs, one for each Ag/SiO 2 interface (n eff = 1.55); these modes are above the light line because of their plasmonic nature. The number of optical modes obviously depends on the thickness of the SiO 2 core and decreases as w 0 gets smaller. More interestingly, when the core thickness decreases below 850 nm, the two surface waves start to couple through their evanescent electromagnetic fields inside the optical cavity and the degenerated SPP splits into two modes, TM 1 and TM 0 . These two SPP modes are named the antisymmetric (AM) and the symmetric (SM) ones, respectively, attending to the profiles of the H y component of their electromagnetic fields inside the waveguide core, shown in Fig. 1(b) . As the MIM core width is further reduced, the wavevector of the AM mode decreases, in such a way that this mode loses its plasmonic character (once it crosses the light line) and it is progressively less confined inside the waveguide. This mode reaches cut-off at w 0 = 180 nm. The SM mode, on the other hand, increases its in-plane wavevector as w 0 decreases, keeping always a plasmonic nature and increasing its confinement inside the waveguide [18] . A thin ferromagnetic metallic layer inserted into either one or both metallic claddings of the MIM structure reduces the propagation length of the modes, but it does not modify their evolution with the dielectric core thickness, in particular the splitting of the degenerated SPP into two SPP modes with symmetric (SM) and antisymmetric (AM) character. Besides, due to the MO properties of the ferromagnetic layer, a magnetic modulation of the SPP wavevector can be obtained. This is shown in Fig. 2(a) , where we present the simulated normalized magnetic modulation, (Δk/k) SPP , of the two modes induced by a magnetic field applied parallel to the interface and perpendicular to the SPP wavevector for three different MP-MIM structures: with one Co layer inserted in the upper metallic layer, labeled Co top (Ag/6 nm Co/10 nm Ag/w 0 nm SiO 2 /Ag); with one Co layer inserted in the bottom cladding, labeled Co bottom (Ag/w 0 nm SiO 2 /10 nm Ag/6 nm Co/Ag); and with two Co layers, one for each cladding, labeled 2xCo (Ag/6 nm Co/10 nm Ag/w 0 nm SiO 2 /10 nm Ag/6 nm Co/Ag). Δk corresponds to half the difference between the SPP wavevectors when the Co layers are fully magnetized along the positive and negative direction of the applied magnetic field, respectively [31] :
The same formalism used for the optical analysis has been employed here, introducing the magneto-optical activity of the Co layer through its description by means of a dielectric tensor. The Co optical and magneto-optical constants were obtained from Ref [44] . If we analyze first the behavior of the Co bottom structure, we see that both the symmetric and the antisymmetric modes present a magnetic field induced wavevector modulation of positive sign. For large w 0 , the modulation of both modes approaches that of a single metal/SiO 2 interface, likewise their wavevector does. Actually, regarding Δk, the AM mode modulation moves towards that of the SiO 2 /AgCoAg interface, with a finite value, while the SM mode Δk approximates that of the Ag/SiO 2 one, of zero value as there is no ferromagnetic component. Therefore, as can be seen in Fig. 2(a) , the modulation of the AM mode for large w 0 is slightly higher than that of the SM mode. As the SiO 2 layer thickness is decreased, the modulation increases for both modes, indicating the potential advantages of these MP-MIM systems from the applied point of view. This Δk increase when w 0 decreases is initially smooth, but it becomes sharper when the insulator thickness reaches the values at which the modes become highly dispersive (their wavevector starts to change strongly with w 0 ). This happens near cut-off for the AM mode and for very thin cavities (below 50 nm) for the SM one. Concerning the Co top structure, we obtain exactly the same behavior and the same values of modulation as for Co bottom , but with inverted sign. This can be understood if we consider the non-reciprocal nature of the magnetic field induced modulation of SPP wavevector [41] , sketched in Fig. 2(b) . Here, some schematic drawings of the change of sign in the modulation for different relative orientation between the applied magnetic field, the SPP propagation direction and the metal (M) / insulator (I) interface are shown. It can be assumed that, for a M/I interface, the effect of a positive magnetic field on the wavevector of a SPP propagating in the positive direction is a reduction of wavevector, i. e. a negative modification -|Δk|. If the magnetic field orientation is reversed, so does the sign of Δk, hence it becomes positive for a negative magnetic field acting on the wavevector of a SPP propagating in the positive direction in a M/I interface. On the contrary, the system (including the applied external magnetic field) is invariant under rotation around the x-axis, and the wavevector modification becomes negative for a negative magnetic field on a SPP propagating in the positive direction in an I/M interface. In fact, the Co top structure presents magnetoplasmonic activity only in the upper interface, and then it corresponds to applying a magnetic field to just the Metal/Insulator interface. The Co bottom structure, on the other hand, has magnetoplasmonic activity in the lower interface and corresponds to applying a magnetic field to the Insulator/Metal interface. Therefore, these two structures should have the same magnitude of Δk, but with opposite sign. When we couple the two M/I and I/M interfaces, both with magnetoplasmonic activity, in a MIM structure, as observed in the right sketch of Fig. 2(b) , the magnetic field effects at each interface cancel each other out. Therefore, the structure with two Co layers, 2xCo, would present no magnetic field modulation of the wavevector for neither of the two modes. This is indeed the case, as can be seen in Fig. 2(a) .
Ag/SiO 2 /Ag-Co magnetoplasmonic structures: morphological and magnetic characterization
In order to analyze experimentally the phenomenology introduced in the previous section, MP-MIM structures exhibiting the described plasmonic modes susceptible to be excited must be fabricated. For that, we will use a Kretschmann configuration, for which the metallic layers of the MIM structures located near the substrate should be thin enough to allow the coupling of the incident light to the SPP modes. Besides, the substrate must have a refractive index higher than that of SiO 2 , and for this purpose SF10 (n = 1.723) was selected. Under these conditions, the accessible modes of the MIM structure are those delimited by the gray area in Fig. 1(a) . Moreover, since the goal of this work is the study of the magnetic field induced changes of the wavevector of the SPP modes, in order to prevent interferences with the other optical modes, the SiO 2 thickness will be kept below 400 nm [see Fig. 1(a) ]. Consequently, the region of interest for the design of our magnetoplasmonic MIM cavities is within the 180-400 nm core width range.
Three series of Ag/SiO 2 /Ag-Co MP-MIM cavities with the Co layer located at different positions within the structure have been grown at RT on SF10 glass substrates. The three series, whose internal structure is schematically shown in Fig. 3 , are denoted as Co bottom (Co in the lower metallic layer), Co top (Co in the upper metallic cladding) and 2xCo (Co at both claddings). The SiO 2 thickness has been varied between 180 nm and 380 nm for each series. The Ag layers were deposited by magnetron sputtering whereas the Co and SiO 2 ones were deposited by e-beam evaporation. To prevent the chemical deterioration of Ag, the structures were capped with a 10 nm thick Au layer, deposited by magnetron sputtering. The surface morphology of all the fabricated structures was characterized by atomic force microscopy (AFM). Figure 4 (a) shows a representative image for the 380 nm SiO 2 sample of the Co bottom series. Granular structures can be observed over the surface, presenting a clear state of coalescence between them. A comparison of representative AFM profiles for the three series of samples and a reference sample without SiO 2 layer is depicted in Fig. 4(b) . The AFM profile for the fully metallic reference sample exhibits the flattest surface (RMS roughness value of 0.9 nm versus RMS roughness around 2 nm for the MIM samples), indicating that the surface roughness of the MP-MIM cavities is mainly due to the deposition of the insulator layer. These results suggest that the Co layer morphology could depend on its position inside the cavity. In order to determine the magnetization reversal processes of the Co layers deposited in different places of the MIM structure, magnetic hysteresis loops at room temperature were obtained by Magneto-Optical Kerr Effect measurements in Transversal configuration (TMOKE loops). The TMOKE loops were recorded by using a linearly p-polarized 532 nm light beam (solid-state laser) at 45° incidence angle geometry with the applied magnetic field in the film plane but perpendicular to the plane of incidence, and measuring the variations in the reflected light intensity as the intensity and sign of the magnetic field are varied [see scheme in the upper part of Fig. 5 ]. Figure 5 shows the representative TMOKE loops of the three 380 nm SiO 2 samples. The loops are normalized to one at saturation. On the left, the TMOKE loop for the Co bottom sample is presented. It exhibits an almost rectangular shape and very low coercive field (around 30 Oe), that is characteristic of flat ferromagnetic films with in-plane magnetic anisotropy. On the middle graph, the TMOKE loop for the Co top sample can be observed. It exhibits a much higher coercive field (around 150 Oe) compared to the Co bottom sample loop. This difference on the magnetic behavior of the two Co position series can be ascribed to the difference of the roughness for the Co layers grown at the two different positions. The Co layer grown above the SiO 2 layer is much rougher than that grown below the SiO 2 , and as a consequence it has higher density of defects. Such defects act as pinning centers preventing the movement of the magnetic domain walls, therefore higher magnetic field is required to overcome the pinning and reach the magnetization reversal. Finally on the right the TMOKE loop for the 2xCo sample is shown. The magnetization reversal process exhibits two components: The first magnetization component shows a low coercive field similar to that of Co bottom loops. The second magnetization component exhibits a higher coercive field similar to that of the Co top loop. This indicates that the Co layer underneath the SiO 2 can be reversed at low magnetic fields whereas the Co layer on top of the SiO 2 one can only be switched at higher magnetic fields. 
Magnetic modulation of SPP modes
The SPP modes of the MP-MIM structures have been excited using a Kretschmann configuration [see Fig. 6(a) ] and a He-Ne laser (E = 1.985 eV, λ = 632 nm). The samples were placed on the flat face of a semi-circular SF10 prism using a refractive index matching liquid. In this geometry a minimum in the angular reflectivity curve of p-polarized light is linked to the excitation of a SPP mode. As an example, we present in Fig. 6(b) the reflectivity of a representative sample as a function of the incidence angle. The dotted curve corresponds to the experimental data whereas the full line is a fitting from which an experimental value of the SiO 2 layer refractive index (n) of 1.464 is obtained. As it can be observed, the reflectivity curve exhibits two minima corresponding to the excitation of the AM and SM modes of the MIM cavity.
When a magnetic field is applied [see Fig. 6(a) ], the wavevector of the plasmonic modes depends on the direction of the Co layers magnetization. As a result, the angle at which the reflectivity exhibits the minima (θ min ) will also depend on the magnetization direction [see Fig. 6(c) ]. Therefore the TMOKE signal, R R Δ , defined as the normalized difference between the reflectivity of the structure when the Co layers are magnetized along the positive or negative direction, ( ) 
where ∆θ is connected to the magnetic modulation of the SPP wavevector, ∆k, as: Therefore, by comparing the TMOKE angular curves with the angular derivative of the reflectivity curves, ∆k can be obtained. Figure 6(d) shows, as an example, the TMOKE signal and the angular derivative of the reflectivity of the same sample as in Fig. 6(b) . The only fitting parameter is ∆θ, which is different for the two SPP modes. The obtained absolute values of Δk, normalized to the SPP wavevector, are shown in the left column of Fig. 7 for both the antisymmetric and the symmetric plasmonic modes for all the fabricated samples of the three series with only one exception: the Δk value for the AM mode of the 2xCo sample with 380 nm thick SiO 2 could not be obtained as the agreement between the TMOKE curve and the angular derivative of the experimental reflectivity was not good in that particular case, pointing out that other contributions to the TMOKE signal besides the wavevector modulation are sizable. For the structures with only one Co layer, i. e. the Co bottom [ Fig. 7(a) ] and Co top series [ Fig. 7(b) ], both modes show a similar modulation value for the highest w 0 , and a strong increase in the AM mode when reducing the SiO 2 thickness compared to a quasiconstant value for the SM mode. These results are in good agreement with the behavior expected from the analysis presented in section 2 [ Fig. 2(a) ], since in the explored thickness range we are close to the cut-off thickness when reducing w 0 for the AM mode but far from the highly dispersive region for the SM one. In the case of the 2xCo series [ Fig. 7(c) ], the magnetic modulation of the SPP wavevector is lower than that obtained for the series with only one Co layer, even though both modes yield non negligible modulations. This is in contrast to the null values expected for an ideal MIM cavity with two identical Co layers symmetrically positioned, as shown in section 2. This can be understood if we take into account that the internal structure of the fabricated MIM structures for the 2xCo series, as well as the modes excitation procedure, are asymmetric. Therefore, the distribution of the EM field intensity at each interface, which controls the magnetic modulation [31, 35, 36] , is not exactly symmetric and the two opposing contributions to the total Δk do not cancel out. In fact, the obtained values of Δk for the 2xCo MP-MIM series should be almost equal to the difference between the values obtained for the Co bottom and Co top series. Such differences are also shown in Fig. 7(c) , and as a matter of fact exhibit a very good agreement with the modulation of the 2xCo structures.
The values of Δk for the fabricated structures have been also simulated with the transfer matrix formalism, using the same optical and magneto-optical constants detailed in section 2. The obtained results, shown on the right side of Fig. 7 , follow the same trends as the experimental ones, including the equivalency of the modulation for the 2xCo series with the difference between those of the Co bottom and Co top ones. It is worth noticing that non-reciprocity effects in the plasmonic modes can be further analysed by measuring the TMOKE loops under plasmon excitation (in Kretschmann configuration). Figure 8(a) shows the obtained loops for the samples with 380 nm SiO 2 thickness of the three series. All the loops were taken at incidence angles within the peak corresponding to the excitation of the AM mode but to the left of the absolute reflectivity minimum [see dashed line in Fig. 8(b) ]. As it can be seen in the TMOKE loops, decreasing the magnetic field from magnetic saturation at positive fields leads to a sudden reduction of the reflectivity for the Co bottom sample when the Co magnetization switches, whereas an increase of the reflectivity takes place for the Co top sample. Such opposed behavior reflects the non-reciprocal nature of the magnetic modulation of the SPP wavevector, where the same direction of the magnetic field induces a Δk of opposite sign for a M/I or an I/M interface, as shown in Fig. 2(b) . This is detailed in Fig. 8(b) , where we present the angular reflectivity curves for the Co bottom and Co top structures for the two magnetic orientations of the Co layer. For the Co bottom structure, the SPP wavevector is larger when the Co layer is magnetized along the positive direction than when it is magnetized along the negative one. Hence, the minimum of the reflectivity associated to the SPP excitation is located at higher incidence angles when the Co layer is magnetized along the positive direction. Then, for loops taken at incidence angles indicated by the vertical dashed line, the reflectivity decreases when the magnetization state of the Co layer is changed from positive to negative. The opposite behavior occurs for the Co top structures. Finally, the structure with two Co layers presents a more complex behavior due to the different switching fields of the bottom and top Co layers. Again decreasing the magnetic field from magnetic saturation at positive fields, we observe first a decrease of the reflectivity, which corresponds to the switching of the magnetization of the Co layer located near the substrate, resulting in an antiparallel alignment of the magnetization of the two layers (top ↑, bottom ↓); then, an increase takes place, which corresponds to the switching of the magnetization of the Co layer located near the surface, coming back to a parallel configuration (↓↓). As expected, the difference between the SPP wavevectors when the two Co layers are oriented along the same direction, ↑↑ or ↓↓ (black and red curves, respectively), is very small, as the contribution to Δk from each metal-dielectric interface has opposite sign and the resulting wavevector modulation for the MIM plasmonic mode is very small. On the contrary, the difference in reflectivity when the two Co layers are oriented in opposite directions, ↑↓ or ↓↑ (green and blue curves, respectively), is much higher as both interfaces contribute to Δk of the MIM mode with the same sign. The configuration ↑↓ produces a net decrease in the MIM plasmon wavevector while the reverse one, ↓↑, gives rise to an increase. 
Conclusions
In this work MP-MIM cavities have been designed, fabricated and characterized. A systematic study of the magnetoplasmonic properties of these cavities as a function of both the SiO 2 thickness and the position of one or two Co layers inside the MIM structure has been performed. Experiments and simulations demonstrate the possibility of magnetic modulation of the wavevector for the AM and SM plasmonic modes. Our results show that the modulation magnitude depends on the thickness of the insulator, but also on the symmetry of the structure. In cavities with only one Co layer inserted in one metallic cladding, resulting in asymmetric interfaces, a net modulation takes place which increases as the cavity gets narrower for both modes. The increase is very strong for the highly dispersive regions of each mode, which occurs at smaller SiO 2 thicknesses for the SM mode than for the AM one. This behaviour has been experimentally confirmed for the AM mode, as it takes place in our accessible thickness range. The strong modulation observed for the plasmonic modes in a MIM configuration makes it an interesting alternative to be considered in plasmonic modulators or in magnetoplasmonic sensing configurations. Additionally, our results show that, in a perfectly symmetric MP-MIM cavity, as those with a Co layer at each metallic cladding, the modulation is cancelled due to non-reciprocity effects. Small asymmetries in the structure or in the modes excitation produce that the modulation is not completely cancelled, but anyway it is reduced compared to the single Co layer, as demonstrated experimentally.
Moreover, by engineering different magnetic dynamics for the different interfaces, the high modulation values for the samples with only one Co layer (Co bottom and Co top series) can be also obtained in the 2xCo samples by simply applying a low magnetic field which allows reaching the magnetization saturation for only one of the Co layers. This offers an opportunity to magnetically switch between low and high modulation of the SPP wavevector in these MP-MIM structures with two Co layers. Finally, an experimental demonstration of nonreciprocity has been put forward in the measured hysteresis loops of the MIM structures under SPP excitation.
